The production of low-pH effluent with sulfate and metals is one of the biggest environmental concerns in the mining industry. The biological process for sulfate reduction has the potential to become a low-cost solution that enables the recovery of interesting compounds. The present study analyzed such a process in a horizontal-flow anaerobic immobilized biomass (HAIB) reactor, employing ethanol as the carbon and energy source. Results showed that a maximal efficiency in the removal of sulfate and ethanol could only be obtained by reducing the applied sulfate load
INTRODUCTION
Sulfate is widely involved in wastewaters discharged from various industries such as pharmaceutical, chemical units, and paper production (Zhang et al. ) . Mine waters and industrial effluents may contain high sulfate and metal concentrations and pose significant disposal problems that require urgent solutions to avoid serious environmental contamination. One of the major environmental problems resulting from the mining industry is the production of acid mine drainage (AMD). Sources of acid drainage are primarily related to tailings and storage of sulfide-rich minerals. A widely quoted example occurs when pyrite (FeS 2 ) is spontaneously oxidized due to the presence of oxygen and water, producing sulfuric acid, which in turn dissolves metals present in the soil/ rock (Oberholster et al. ) . The main factors which determine the rate of AMD generation are pH, temperature, presence of oxygen, water and Fe 3þ , the surface area of metal sulfide and bacterial activity (Akcil & Koldas ) .
Conventional treatments for AMD are based on the chemical neutralization and precipitation of metal hydroxides.
In order to increase pH, Ca(OH) 2 and CaO are usually added to react with the sulfate present in the acidic water, forming a CaSO 4 .2H 2 O precipitate. The disadvantages of this process are the high cost of the chemical reagents, the low efficiency of the sulfate removal, and the production of a sludge that must be adequately disposed of (Garcia et al. ) .
Several studies have suggested alternatives for the reme- observed that it correlated to the influent's pH: at 3.5, most of the iron was removed, but Cu and Zn attained only partial removal; at 5.5, the metal removal increased considerably to 91.3% for Fe, 96.1% for Cu, 79.0% for Zn, and 99.0% for Al.
On the other hand, a higher chemical oxygen demand (COD) and sulfate removal was achieved in a baffled reactor fed with synthetic AMD when the influent pH was 3.0. The same behavior was observed for the removal of metals (Bekmezci et al. ) .
The reduction of the real AMD sulfate load seems to play an important role in the process. Xingyu et al. () operated a low pH sulfidogenic upflow anaerobic sludge blanket (UASB) reactor with real, undiluted AMD, obtain- 
MATERIALS AND METHODS

Description of the HAIB reactor
Three bench-scale HAIB reactors were made of borosilicate glass, each measuring 99.8 cm in length and 5.04 cm in diameter (internal) (Figure 1 ). The reactors had a total volume of 1,991 mL, of which 1,735 mL was the working volume and 265 mL (13% of the total) was used for gas separation. A silicone tube was installed along the length of and at the top of the reactors to collect the gas generated during the operation of the reactors.
Support for anaerobic sludge immobilization
Polyurethane foam with an apparent density of 23 kg m
À3
, an average pore size of 543 ± 154 μm and a superficial area of 43.8 m 2 g À1 was used as a support for anaerobic sludge immobilization. The foam was cut to obtain cubes (cubic matrices) with sides of approximately 5 mm. Eighty percent of the total reactor volume was filled with polyurethane foam.
Inoculum and wastewater
The inoculum consisted of sludge from a UASB reactor applied to the treatment of poultry slaughterhouse wastewater. The AMD sample was obtained from the Osamu Utsumi Ore Treatment Unit of the National Nuclear Energy
Commission in Caldas-Minas Gerais state, Brazil. The characteristics of the AMD are presented in Table 1 .
Preparation of the fixed bed of the HAIB reactor
The fixed bed of the reactor was filled with cubic matrices of polyurethane foam containing immobilized sludge from the UASB reactor. The sludge was immobilized using the methodology described by Zaiat et al. () .
Physicochemical analyses
The analyses of COD, sulfate, and pH were conducted according to the methods described by the Standard was initially set at 100 W C for 3 min, after which the temperature was raised at a rate of 5 W C min À1 up to 180 W C and maintained at this temperature for 5 min. N 2 (33 ml min À1 ), H 2 (30 ml min À1 ), and synthetic air (300 mL min À1 ) were used as carrier gas, flame gas, and makeup gas, respectively. The split/splitness ratio used was 1:20
Operation of the HAIB reactor Three reactors were operated under different operating conditions, as shown in 
The stoichiometric COD/SO 4 2À ratio was maintained at 0.67 in the HAIB 2 reactor; however, the influent pH was adjusted from 3.0 to 5.0 using a 10 N NaOH solution for 130 days of operation (phase I). After this period, the reactor was fed with a diluted influent consisting of 75% tap water and 25% raw acid mine drainage (v/v) while maintaining the same COD/SO 4 2À ratio (phase II).
Conditions of HAIB 3's phase I were identical to those of HAIB 2's phase II (previously described). After 224 days of HAIB 3 operation, the COD/SO 4 2À was increased to 1.0 to evaluate the influence of a higher electron donor concentration on the efficiency of sulfate removal (phase II). Phase III began on the 365th day and, from that point on, the feed was substituted by undiluted AMD. However, an effluent recirculation system was placed in the reactor to maintain the same inflow sulfate concentration.
Molecular biology analysis
The evaluation of microbial community structure was per- (Table 3 ).
The cloning was performed with the pGEM Easy Vector System I, according to the manufacturer's specifications.
The clones were grown in LB medium and were subjected to PCR with primers M13. PCR products were purified with the GFX Illustra kit (GE Healthcare) and were sequenced on an ABI Prism 310 automated sequencer 
RESULTS AND DISCUSSION
Removal of sulfate and COD
The results obtained from the operation of the three HAIB reactors showed significant variations related to COD and sulfate removal (Figure 2 ).
Regarding HAIB 1 operation, some instability was observed at the beginning (from 0 to 32nd day), as is expected during the start-up phase. The inoculum chosen for the HAIBs' operation was a granular mesophilic with broad microbial diversity (Hirasawa et al. ). However, it seems that the conditions applied to the HAIB 1 reactor were not ideal for selecting SRB, at least during the observed period. This conclusion is based on the low sulfate and COD removals observed in both phases, which indicates that the whole microbial consortium was not able to adapt and be established. During phase I, the concentration of sulfide was 39.0 ± 10.4 mg L À1 , whereas it was 27.4 ± 13.9 mg L À1 during phase II, substantiating the occurrence of sulfate reduction. The initiation of phase II affected sulfate removal, and this was reflected in the concentration of sulfide in the effluent.
Regarding HAIB 2, phase I performance was unstable throughout its operational period when the pH influent was adjusted to 5.0 (the pH of AMD was close to 3.0-4.0). . Furthermore, HAIB 3 is not only more stable (presenting less variability in the period, when compared to HAIB 1 and 2) but also the removal efficiencies are quite similar, which could be attributed to the thriving of SRB in the consortium. Thus, a real improvement was observed when a low sulfate load feed is employed from the beginning, both on stability and on adaptation.
In an attempt to confirm the results from phase I, the amount of electron donors was increased, leading to a COD/SO 4 2À ratio of 1.0 (phase II). The expectation was that if the system was SRB dominated, the removal rates In phase III, the reactor was fed with raw AMD, and effluent recirculation was added with a recirculation ratio of 3.0 to provide influent dilution. However, the reactor col- Beside the sulfate removal, the effluent pH was also indicative of success in reducing the sulfate load rate 
Metal removal
Metal removal was evaluated only in HAIB 2 and 3 since both showed better performance related to sulfate removal. Iron, zinc, and nickel were analyzed, as they were at slightly higher concentrations in acid mine water, except for manganese (Table 6 ). Nickel removal was 28-48% and we cannot establish a better situation, since the built-in analysis error The majority of clones (95%) of HAIB 1 were grouped in the phylum Proteobacteria, class Gammaproteobacteria, and 55% of them were closely related to Acidithiobacillales.
The HAIB 1 OTUs 1, 2, 5, 6, 12, 13, and 15 matched microorganisms of the genus Acidithiobacillus and ranged from 88 to 98% DNA similarity. The extreme conditions of AMD result in a homogeneous environment with a welladapted community based on iron and sulfur metabolism, () as reducing bacteria that are able to metabolize thiosulfate and different sources of organic matter, and that produce acetate, CO 2 and H 2 .
CONCLUSIONS
The present work provides a better understanding of the bio- 
